In this paper we unveil a new homogeneous assay-using TOTO-3 and the polythymine oligonucleotide T 33 -for the highly selective and sensitive detection of Hg 2+ in aqueous solution. The fluorescence of TOTO-3 is weak in the absence or presence of randomly coiled T 33 . After T 33 interacts specifically with Hg 2+ ions through T-Hg 2+ -T bonding, however, its conformation changes to form a folded structure that preferably binds to TOTO-3. As a result, the fluorescence of a mixture of T 33 and TOTO-3 increases in the presence of Hg
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. Our data from fluorescence polarization spectroscopy and capillary electrophoresis with laser-induced fluorescence detection confirm the formation of folded T 33 -Hg 2+ complexes. Under optimum conditions, the TOTO-3/T 33 probe exhibited a high selectivity (≥265-fold) toward Hg 2+ over other metal ions, with a limit of detection of 0.6 ppb. We demonstrate the practicality of this TOTO-3/T 33 probe through its use for the rapid determination of Hg 2+ in pond water and in batteries. This approach offers several advantages, including rapidity (<15 min), simplicity (label free), and low cost.
INTRODUCTION
Heavy metal pollution is an important environmental issue because of its adverse effect on human health. 1 Mercury(II) is one of the most potently toxic metal ions; it affects many different areas of the brain and their associated functions, resulting in symptoms such as tremors, vision problems, deafness, and losses of muscle coordination, sensation, and memory. 2 In addition to the brain, inorganic mercury can damage the heart, kidney, stomach, and intestines. 3 The US Environmental Protection Agency (EPA)'s estimate of annual total global mercury emission from all sources-both natural and humangenerated-is ca. 7500 tons per year. 4 Thus, techniques for the detection and/or removal of Hg 2+ are required to protect our environment and health.
Although many techniques-such as atomic absorption/emission spectroscopy, inductively coupled plasma mass spectrometry (ICP-MS), and selective cold vapor atomic fluorescence spectrometry-have been applied widely to detect Hg 2+ in environmental samples, they require expensive and sophisticated instrumentation and/or complicated sample preparation processes, 5 and their complexity makes them unsuitable for use in in-field Hg 2+ analyses. Alternative techniques based on fluorescent probes using small molecules, 6 DNAzymes, 7a oligonucleotides, 7b polymer-protein complexes, 7c and nanoparticles 7d-g have been demonstrated for the detection of Hg 2+ . Nevertheless, each of these approaches exhibits some feature that limits its practical use, be it poor aqueous solubility, cross-sensitivity toward other metal ions, short emission wavelengths, and/or weak fluorescence intensities.
In this study, we developed a simple and rapid fluorescence approach-using the polythymine oligonucleotide T 33 and a double-strand-chelating dye TOTO-3-for the sensitive and selective detection of Hg 2+ in aqueous solutions. TOTO-3 is a weakly fluorescent unsymmetrical cyanine dye that exhibits a more than 8. Associations. 9 Briefly, these samples were digested in a mixture of HCl and HNO 3 (2:1, v/v) for 18 h and then directly basified through the addition of 0.5 N NaOH and filtered through a 0.2-μm membrane.
The solutions (10 μL) were then diluted to 10 mL with 5 mM Tris-HCl solution (pH 7.4) prior to analysis using both ICP-MS and the TOTO-3/T 33 probe. The quantitation of Hg 2+ in these samples was obtained by applying a standard addition method.
RESULTS AND DISCUSSION
Sensing Strategy. Scheme 1 depicts the mechanism underlying this TOTO-3/T 33 probe's approach to sensing Hg T 33 toward Hg 2+ , we tested a control DNA sample having the sequence GCC TTA ACT GCA GTA CTG GTG AAA TTG CT. We expected this control DNA to have difficultly folding in the presence of Hg 2+ , mainly because it has a less of a chance to form T-Hg 2+ -T bonds than does T 33. We observed only slight changes (<10%) in the fluorescence intensity of the mixture of TOTO-3 and the control DNA after adding the same amount of Hg 2+ .
We further applied CE to support the notion of the formation of folded T 33 in the presence of Hg 2+ .
Because the fluorescence of mixtures of TOTO-3 and random-coil T 33 is weak, we could not observe random-coil T 33 when using CE in conjunction with laser-induced fluorescence (LIF) detection. In other words, the changes in the electrophoretic mobility of the complexes of T 33 and TOTO-3 in the presence of Hg 2+ were difficult to observe using CE-LIF. Thus, we use a 5´ end labeled 6-FAM-T 33 for the CE experiment. Upon increasing the concentration of Hg 2+ , the migration time for 6-FAM-T 33 decreased, while that for the internal standard (fluorescein) remained almost unchanged ( Figure 2A ).
We suspect that once 6-FAM-T 33 interacted with Hg 2+ , its conformation changed from a random coil to a folded structure and its charge-to-mass ratio decreased, leading to increased electrophoretic mobility (i.e., a decrease in migration time). 11 Based on the plot in Figure 2B , we calculated the binding constant The formation of folded DNA molecules having many T residues in the presence of Hg 2+ has been proved using circular dichroism and nuclear magnetic resonance spectroscopy. were similar: they all increased upon increasing the Hg 2+ concentration and reached a plateau at a concentration of 500 nM.
We also explore the effect of pH of TOTO-3·poly-T solution on the sensing Hg 2+ . As indicated of Figure S3 (Supporting Information), the values (I F0 -I F )/I F0 for TOTO-3·poly-T the complexes is optimized at pH 7.4. The affinity of TOTO-3·DNA was reported optimized at pH 6−8. Otherwise, Hg 2+ binds directly to N3 of thymidine in place of the imino proton and bridges two thymidine residues to form the T-Hg 2+ -T pair. 12 Our results good agree with these reports, thus, the studies following this herein were performed by T 33 in 5 mM Tris-HCl buffer (pH 7.4) for further study.
Impact of Fluorophore.
We investigated the effect of the TOTO-3 concentration on the sensing of 1 μM Hg 2+ in the presence of 10 nM T 33 . The values of (I F0 -I F )/I F0 for the complexes of TOTO-3, T 33 , and Hg 2+ increased upon increasing the concentration of TOTO-3 over the range 0-20 nM ( Figure S4A , Supporting Information). At TOTO-3 concentrations greater than 20 nM, the sensitivity decreased as a result of a higher fluorescence background. We also investigated the use of some other DNA binding dyes (YOYO-3, TOTO-3, ethidium bromide, OliGreen, acridin orange, methyl blue, and the N,Ndimethyl-2,7-diazapyrenium dication; each 20 nM) and DNA nonbinding dyes (fluorescein and rhodamine B; each 20 nM) on the determination of Hg 2+ using T 33 (10 nM). Of these systems, the sensitivity for Hg 2+ was highest when using the TOTO-3/T 33 probe ( Figure S4B , Supporting Information). The values of (I F0 -I F )/I F0 for the best three dyes increased in the order TOTO-3 (K b = ca. Figure 3A) . From a plot of (I F0 -I F )/(I F -I Fs ) versus the Hg 2+ concentration, we calculated the formation constant of Hg 2+ and T 33 to be 5.8 × 10 6 M -1 , which is close to the value we calculated from the CE-LIF data. The limit of detection (LOD) at a signal-to-noise ratio (S/N) of 3 was 3 nM (0.6 ppb), which is below the maximum level of mercury permitted by the US EPA for drinking water. Thus, our present approach provides a sensitivity toward Hg 2+ that is one order of magnitude better than the reported previously for a T-Hg-T-mediated sensor.
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To evaluate the resistance of our sensor to endogenous nuclease degradation, we conduct TOTO- each 1.0 μM) under the optimum conditions. As indicated in Figure 3B , the TOTO-3/T 33 probe was highly selective (265-fold or more) for Hg 2+ over the other metal ions. We performed a series of competition experiments to test the practicality of our TOTO-3/T 33 sensor for the selective detection of Hg 2+ . The tolerance concentrations of various metal ions (within a relative error of ±5%) for the sensing of Hg 2+ (100 nM) using the TOTO-3/T 33 probe were 1. Detection of Hg 2+ in Real Samples. As indicated in Figure S6 (Supporting Information), the intensity of the fluorescence of the TOTO-3·T 33 complexes increased upon increasing the spiked concentration of Hg 2+ in pond water over the range 25-200 nM (R 2 = 0.98). The recoveries of these measurements were 97-108%. The LOD at an S/N ratio of 3 for Hg 2+ in the presence of the complicated pond water matrix was 10 nM (2.0 ppb). We also applied our TOTO-3/T 33 probe to the detection of Hg 2+ in battery samples. Table 1 lists the concentrations of Hg 2+ that we determined in three different types of batteries using both our developed probe and ICP-MS. On the basis of an F-test, the results using our present approach are in good agreement with those obtained using ICP-MS. Note, however, that the sample preparation and analysis time when using the TOTO-3/T 33 probe was less than 15 min; this assay provides the additional advantages of simplicity, low cost, and high throughput.
CONCLUSION
We have developed a homogenous Hg 2+ assay using . Upon interaction with Hg 2+ , T 33 changes its conformation from a random coil to a folded structure, leading to an increase in the fluorescence intensity, electrophoretic mobility, and fluorescence anisotropy for the complex. This probe is highly sensitive and selective for Hg 2+ . Although we have demonstrated the detection of Hg 2+ ions only, we suspect that this probe strategy-using DNA samples of various lengths and sequences-will also be applicable to systems for the detection of metal ions such as Pb 2+ and Cu 2+ . Other conditions were the same as those described in Figure 1 . Other conditions were the same as those described in Figure 1 .
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